Abstract-Capacitive sensing is used in manufacturing E-textiles for touch and proximity-sensing applications. The common approach is to construct electrodes on top of a nonconductive fabric structures. Woven and knitted fabric structures are used for the construction; metallic wire and conductive coated fibers are primarily used. Due to the performance degradation and poor comfort of these constructions, we have constructed electrodes with inherently conductive polymers and multifilament metallic fibers by integrating them into fiber-meshed structures such that the electrodes are a part of the nonconductive base structure. We have used capacitive and resistive measurement techniques for the detection. Out of many mechanical methods of fiber-integrating processors, we have used flat bed-knitting technology and Jacquard weaving technology. In this paper, we have discussed the construction, sensing, and applications of capacitive fiber-meshed transducers and their applications.
I. INTRODUCTION
T OUCH and proximity-sensing E-textiles are developed by using capacitive-sensing techniques. Several methods are used including printing electroconductive materials onto a textiles substrate [1] , using piezoresistive or conductive coatings [1] , embroidering electroconductive fibers on to a textiles substrate [2] , weaving and knitting electrode areas and interconnecting tracks with conductive metallic fibers [3] , [4] . The disadvantages involving these approaches are the aging effects of the electrodes constructed with piezoresistive materials [polypyrrole (PPY)/metal-loaded rubber, such carbon-loaded rubber (CLR) [1] ], damage with washing and variable performance with deformation (due to time dependencies of the these materials and poor repeatability), false alarms due to capacitance change caused by parasitic deformations, and calibration difficulties where absolute readings are necessary (change of capacitance due to humidity temperature, aging, and washing).
The electrode structures in fabrics are integrated into both single [2] and multiple layers (parallel electrodes arrangements) [15] . Single-layer fabric electrode arrangements are used as touch sensors [2] . Commonly electric field sensing (EFS) [2] , [8] is used for detection. Multiple-layer fabric electrode arrangements with conductive fibers are used for constructing electrodes for patch antennae, batteries and as touch and Manuscript received March 1, 2004 ; revised April 7, 2004 . The associate editor coordinating the review of this paper and approving it for publication was Dr. Andre Bossche.
The pressure-sensing [15] fabric pads. Variations in displacement between the electrodes are used for the sensing. In addition, touch sensing is achieved by using piezoresistive coatings [1] . However, both methods tend to produce false predictions when used under dynamic situations. This is due to the variations in impedance between the electrodes caused by deformation of the electrodes during wear, variance in performance after washing, aging, and thermal drifts of the electrical and mechanical parameters. Therefore, in order to overcome the difficulties we have constructed, electrodes with conductive polymeric fibers and metallic fibers and construction was carried out by using flat bed-knitting technology. Flat bed-knitting technology was used because of easy prototyping. Two electrode configurations ( Fig. 1) were used for touch sensing, and instead of using an ac source and electric field detection, we have used a dc source to power the electrodes, and the detection is done with current sensing. The electrodes were arranged in such a way that when they are touched with a finger, the body conductance will complete the circuit (Section II). In another arrangement, we have constructed parallel-plate electrode pads with an elastic dielectric medium in between and used to detect touch and relative compression between the electrodes. For proximity sensing, we have used a nine-electrode configuration powered with a 150-MHz source (Section III).
In addition, we had discussed the performance of the electrodes, the detection circuitry, and applications of this technology in wearable computing field, particularly in area of computer human interfacing (CHI).
II. FIBER-MESHED TOUCH SENSOR
In this section, we discuss the construction of fabric electrodes for touch sensing, its detecting technique and circuitry, 
A. Construction of Electrodes
The advantages of constructing smart structures with knitting technology (knitted fabricating technology for smart structures) were discussed in [5] and [6] . The electrodes used for switching were constructed with Jacquard weaving. For constructing the electrodes in proximity and pressure-sensing transducers (Section III) we used a technique that is commonly used for fabricating a given area of shape with a selected fiber at a given position in a fabric to construct the electrodes. The connectors were constructed with the same technique (intarsia feeding in flat bed knitting) [7] . We used conductive polymer (CuS polyester) as the selected fiber for the electrodes and nonconductive polyester as the base fiber. We have selected polyester for both because the base structure and the electrode need to have similar mechanical and thermal properties. This is required to prevent any faults in the switches and also to improve the life span. Two electrodes were arranged such that when a person touched the fabric at a symbol with a finger the two electrodes will come into contact with the touching finger (Fig. 2 ). The prototype of the electrode arrangements are shown in the following Fig. 1 . Also, the electrodes were constructed with different shapes to perceive different symbols. The conductive polymer that we had used was made out of polyester fibers with chemically bonded CuS acting as the conductive material [8] . Therefore, the fiber behaves as an inherently conductive polymer material. Advantages of using such an inherently conductive polymer include lower degradation of conductance with time, superior temperature performance than PPY or CLR, better comfort and flexibility than metallic fibers, lower chemical reaction with environmental gases, and stable conductance after repetitive washes. In addition, inherent anti-bacterial properties makes it a better choice.
B. Measurement Technique for Detecting Touch
As illustrated in Fig. 1 , the two electrodes were knitted closer to each other, and, also, the distance in between the electrodes have to be maintained with in a minimum value in order to prevent any short circuiting that might occur due to the filamenting (short circuiting with the stray filaments) of the multifilament conductive fibers that were used in construction. The impedance between the electrodes was measured with an impedance analyzer. The measurements were taken in both the situations, with the touch and open circuited (without touching).
C. Observations
The impedance spectra with touch depend on the individual parameters such age, gender, and the moisture level of the skin tissue [10] . We had experimented with several individuals with different parameters discussed above. The average spectra were estimated from the accumulated data. The impedance spectrums (20 Hz-150 kHz) are shown in Figs. 3 and 4 .
At lower frequencies, kHz larger variations in impedance dB and phase were observed between the touch and open circuited measurements. This was expected due to the capacitive nature of the skin electrode skin impedance (ESEI). Therefore, this can be used to switch between two different levels and can be used as a switch. Even though any frequency less than 10 KHz is suitable for the designing of the detection circuitry, we had used dc measurements. This was done to make it more reliable. Therefore, we had tested the electrodes for dc resistance with the touch. The variation of the resistance (in decibels) with open circuit and with the touch is shown in Fig. 5 . The variation of the resistance (decibels ) with time in the selected region "A" is shown in Fig. 6 .
This region shows the transient behavior of the switch. A settling time of less than 0.3S (Fig. 6 ) was observed and this is much better than the performance of the switches that are constructed with piezoresistive coatings [1] . Spikes were observed in the transient region (Fig. 6) . This was expected due to the loose contact between the finger and the electrodes during the touch.
The readings were taken at 1.0 V (peak) with a precision LCR meter (Agilent 4284 A). In addition to the increase of the capacitance with the frequency, the frequency effects make the impedance to drop rapidly, and then it becomes saturated at higher frequencies. The Phase angle was also increased from (capacitive) toward zero (resistive). At frequencies higher than that of 200 KHz, the impedance difference is less significant.
D. Measuring Circuit
The detection was carried out with a current-sensing amplifier. In order to reduce the chip count, dc measurements were used. A differential amplifier and a resistor were used for the implementation and positive feed back was used. The switching was achieved by driving the amplifier between upper saturation voltage and lower saturation voltage (ground). Then, the information was latched with a debounce switch. The debounce switch was used to reduce the mechanical vibrations that result spiking during touching. The circuit is shown in Fig. 7 .
The results were taken with a precision (6.5-digit) multimeter with a 0.1-s sampling rate under a two-wire resistance measurement configuration.
When designing the detection circuitry, in addition to selecting an appropriate differential amplifier, the decision parameters are the switching voltage and the input Resistance . The output voltage of the current-sensing amplifier was designed to be TTL and CMOS compatible. The and were selected by considering the electrode-skin electrode-resistance (ESER). It was observed from the gathered data a maximum ESER of 2 M and a minimum ESER of 800 K between the electrodes under touched situations. As before, readings from several individuals were taken for the calculation. These values were used to estimate the decision making parameters. Since positive feedback was used in order to drive the circuitry into the lower threshold (0 V) voltage, a differential amplifier with a negative residual voltage at the noninverting terminal was required. Another alternative would have been to use a dual power supply with a preset adjustment at the inverting terminal of the differential amplifier to drive the into lower threshold level. Moreover, when designing the circuitry in order to switch to every person's "touch," the and were selected for the maximum value of the resistance (with the touch). Also, the upper limit of the was selected such that the current passing through the body is lower than the maximum allowed safety level (permitted standard values ) during the contact. Also, the Cole-Cole model [10] for the body impedance at lower frequencies was used as the model of the (Fig. 8) . Another important feature is to prevent the switch from activating due to the backhand touching. Under normal situations, the ESER of the back of the palm is much greater dB than that of the in side of the palm. This is mainly due to the lower moisture content of the skin tissue [10] . Therefore, the switching due to backhand touching was avoided through carefully selecting the and such that it was only operated with finger touching. Constraints for interfacing circuitry are the maximum allowed steady-state current through the finger and the maximum allowed peak current through the finger. Moreover, in order to switch only under finger contact, was selected to be less than the lower threshold limit of 0.8 V.
and were selected by using the following inequality equations. Equation (3) was derived by using the threshold voltage of the differential amplifier. In order to switch when touched, the steady-state voltage at the noninverting input must be greater than that of the threshold voltage . The steady-state voltage at the noninverting input was obtained by using the following input stage circuit (from A to B of Fig. 9 ). The differential mode input impedance of the differential amplifier was assumed to be infinite.
Where and are the resistances of the conductive polymers connecting the and the electrode and noninverting terminal of the current-sensing amplifier and the electrode, respectively, is the epidermis resistance, is the epidermis capacitance, and the is the dermis and the subcutaneous-layer resistance for dc voltage at steady state. Then, the input voltage is is given by
At steady state for a step input of (2) Therefore (3) has to be smaller than the standard maximum allowed value for and the peak value of the current has to be smaller than (4) (5) Also, in order to avoid switching due to backhand touching (6) where (under normal conditions M ) is the minimum observed back skin tissue ESER and is differential gain of the differential amplifier. Further, the values of and are selected to be 200 K .
From the above equations and the practical data, the values were selected for and . For , a minimum of 5 V and for , a minimum of 4.7 K resistor were selected. of 1000 was selected.
E. Transient Analysis
The theoretical transfer function was obtained from the (1) and then by using inverse Laplace transformation the transient time domain response was estimated (7) . An exponentially increasing response was observed (Fig. 10 ) (7) where and are positive constants estimated from the data, and is the touch initiation time.
This was expected due to the fact that the values of , , and are dependent on the time and the magnitude of the applied voltage. Further, and are reducing with time, and is increasing with time [10] . Therefore, the switch can be programmed to be a time-dependent one, as well.
F. Advantages and Applications
The main advantages of this construction are the simple detection and the implementation of the switch for various applications. Therefore, advanced calibration methods to overcome the parasitic effects are not needed. Better performance after washes and better aging effects and the time response is much faster than that of the piezoresistive materials. Another advantage is that the current that passes through tissue is localized on the finger and does not go through the body, as in the single-electrode measurements, also expected to have better comfort than the piezoresistive ones. Also, since the mechanical properties and the thermal properties of the base structure and the electrodes are selected to be closer to each other, the performance is expected to be much better.
Such transducers can be integrated into a sleeve or any location in garments and fabrics that can be used in smart homes. Thus, they can be used as a wearable keypad. A person wearing a sleeve of such switches is demonstrated in Fig. 11 . The other areas of applications will be in smart environments that will assist people with disabilities to access the switches so that the activation can be done with out pressing them (wheel chairs, etc.).
III. CAPACITIVE TOUCH, COMPRESSION, AND PROXIMITY TRANSDUCERS
Parallel-plate electrode structures had been developed with woven textiles structures and are discussed in [15] . However, with the woven structures, it is very difficult to produce islands of electrodes in a nonconductive base structure. To overcome this, we have constructed electrode islands with knitted structures. Two sensors had been constructed with these electrode arrangements. The first one was constructed with parallel-plate arrangement, and we have used it as a touch and compression transducer (Fig. 13) . The second one was constructed with a single-layer electrode structure (Fig. 14) where we used it as a near-field proximity sensor. Both the sensors are fabricated with nine electrodes in each layer (Fig. 12) . The electrodes were constructed with conductive polymers. Also, in order to bring the flux on to one side of the fabric, a high-permittivity layer of nonconductive material was used. The layers and the construction are shown in Fig. 12 .
For the double-layer approach, an elastic nonconductive material was used between the electrodes. Each layer was constructed separately. The layers can be put together by either by using laminating or sewing and for the prototypes we had used sewing.
With the double-layer arrangement, each pair was energized individually and then used a pressure pad.
In the single-layer electrode arrangement, the surrounding electrodes were grounded and the middle one was used for the driving. Therefore, it is operating as a near-field touch or proximity transducer. The range and the detection can be controlled by changing the driving frequency, selecting the parameters of the measuring circuit, and the altering the dimensions of the electrodes.
A. Applications
Such electrode arrays can be integrated into fabrics for nearfield capacitive sensing as proximity or a touch sensor. Also EFS can be used to detect the position touch. Moreover, it can be used as a patch antenna array with a conductive fabric layer for the ground conductor. Also, the double-layer arrangement can be used as pressure transducer. These electrodes can be integrated into bed sheets, cartons, and 
